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| Pulmonary Vasodilator Response to Adenosine
Iripbosphate —Sensitive Potassium Channel
Activation Is Attenuated during Desflurane but
Preserved during Sevoflurane Anestbhesia

Compared with the Conscious State
Masayasu Nakayama, M.D.,* Uruo Kondo, M.D.,* Paul A. Murray, Ph.D.t
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Background: The objective of this study was to investigate
the effects of sevoflurane and desflurane anesthesia on the
pulmonary vasodilator response to the adenosine triphos-
phate—sensitive potassium channel agonist, lemakalim, com-
pared with the response measured in the conscious state. In
addition, the authors assessed the extent to which sympathetic
@;-adrenoreceptor inhibition and cyclooxygenase pathway in-
hibition modulate the vasodilator response to lemakalim.

Methods: Twenty-four conditioned male mongrel dogs were
chronically instrumented to measure the left pulmonary vas-
cular pressure—flow relationship. After preconstriction with
the thromboxane analogue, U46619, dose—response relation-
ships to lemakalim were assessed on separate days in the con-
scious state and during sevoflurane (~3.5% end-tidal) and des-
flurane (=~10.5% end-tidal) anesthesia (~1.5 minimum alveo-
lar concentration for each anesthetic agent). The effects of
sympathetic «;-adrenoreceptor inhibition ( prazosin) and
cyclooxygenase inhibition (indomethacin) on the pulmonary
vasodilator response to lemakalim also were assessed in the
conscious and desflurane-anesthetized states.

Results: Neither sevoflurane nor desflurane had a net effect
on the baseline left pulmonary vascular pressure—flow rela-
tionship compared with the conscious state. The magnitude
of the pulmonary vasodilator response to lemakalim was
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preserved during sevoflurane anesthesia but was attenuated
(P < 0.05) during desflurane anesthesia compared with the
conscious state. The attenuated lemakalim-induced vasodilator
response during desflurane anesthesia was partially reversed

(P < 0.05) by pretreatment with prazosin but not indometha-
cin.

Conclusion: These results indicate that adenosine triphos-
phate—sensitive potassium channel-mediated pulmonary va-
sodilation is preserved during sevoflurane anesthesia but is
attenuated during desflurane anesthesia. The attenuated re-
sponse to adenosine triphosphate—sensitive potassium chan-
nel activation during desflurane anesthesia is partially medi-
ated by reflex sympathetic a,-adrenoreceptor vasoconstric-
tion. (Key words: Circulation; indomethacin; lemakalim:
prazosin; pressure—flow relationship.)

ADENOSINE triphosphate (ATP)-sensitive potassium
(K" s1p) channels are important in the regulation of pul-
monary vascular smooth muscle tone.' Activation of
K" \rp channels results in membrane hyperpolarization
and pulmonary vasodilation.”’ We recently demon-
strated that the pulmonary vasodilator response to K,
channel activation is attenuated during halothane and
enflurane anesthesia compared with the response mea-
sured in the conscious state.* The effects of the two
new volatile anesthetic agents, sevoflurane and desflur-
ane, on K ,;» channel-mediated pulmonary vasodilation
have not been elucidated, however. This information is
important because of the extensive clinical and investi-
gational use of sevoflurane and desflurane, which pro-
vide rapid induction of anesthesia, easily controlled an-
esthetic depth, and fast emergence consistent with low
blood gas and tissue partition coefficients.>®

Our objective was to test the hypothesis that sev-
oflurane and desflurane anesthesia would attenuate the
pulmonary vasodilator response to the K ,;» channel
agonist, lemakalim (BRL38227; a gift from SmithKline
Beecham, Herts, UK), compared with the response mea-
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sured in the conscious state. Because we observed that
the pulmonary vasodilator response to lemakalim was
preserved during sevoflurane but attenuated during des-
flurane anesthesia, we also investigated the roles of re-
flex sympathetic «,-adrenoreceptor activation and
cyclooxygenase metabolites in mediating the effect of

tec®; Quest Medical, Allen, TX), and were referenced
to atmospheric pressure with the transducers posi-
tioned at midchest at the level of the spine. Heart
rate was calculated from the phasic systemic arterial
pressure (SAP) trace. Left pulmonary blood flow (LQ)
was measured by connecting the flow probe to an

desflurane on lemakalim-induced pulmonary vasodila- electromagnetic flowmeter (SWE-5RD; Zepeda). The

tion. flow probe was calibrated /n vivo on a weekly basisg
via the thermal dilution technique. This was achievedg
by acutely inserting a 7-French balloon-tipped thcrmdlm
dilution catheter into the pulmonary artery through J°
percutaneous jugular puncture after topical Jnesthcsmu
(lidocaine spray). The catheter was positioned 2 -3 me
beyond the pulmonic valve. The implanted perlvascu—m
lar hydraulic occluder was then inflated to ocdud&
the right main pulmonary artery completely, whl(h“’
directed total pulmonary blood flow through the leftS
pulmonary artery (and flow probe). Left pulmonary,
blood flow was then measured by thermal dilutiong
(HEMOPRO,; Spectramed, Oxnard, CA) with multipleg
10-ml sterile injectates of 5% dextrose in water.
Values for LQ were referenced to body wcng,htm
(ml-min '-kg "). The aortic and pulmonary artery%
catheters were used to obtain blood samples to mea-E |
sure systemic arterial and mixed venous blood g.,ases.g ‘

Materials and Methods

All surgical procedures and experimental protocols
were approved by the Institutional Animal Care and Use
Committee at The Cleveland Clinic Foundation.

Surgery for Chronic Instrumentation

Twenty-four conditioned male mongrel dogs (27 = 1
kg) were premedicated with morphine sulfate (10 mg
intramuscularly) and anesthetized with pentobarbital
sodium (20 mg/kg intravenously) and fentanyl citrate
(15 pg/kg). After tracheal intubation, the lungs were
mechanically ventilated. Anesthesia was maintained
with halothane (=~1.2% end-tidal). With the use of ster-
ile surgical technique, a left lateral thoracotomy was
performed via the fifth intercostal space. The pericar-
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dium was incised ventral to the phrenic nerve. Heparin-
filled Tygon catheters (1.02 mm ID; Norton, Akron, OH)
were inserted into the descending thoracic aorta, left
and right atria, and main pulmonary artery and were
secured with purse-string sutures. After careful dissec-
tion and isolation, a hydraulic occluder (18 mm ID; In
Vivo Metric, Healdsburg, CA) was positioned loosely
around the right main pulmonary artery, and an electro-
magnetic flow probe (10 mm ID; Zepeda, Seattle, WA)
was placed around the left main pulmonary artery. After
loose apposition of the pericardial edges, the free ends
of the catheters, occluder, and flow probe were
threaded through the chest wall and tunneled subcuta-
neously to a final position between the scapulae. A
chest tube placed in the left thorax before closure was
removed 1 day after surgery. Morphine sulfate (10 mg)
was administered intramuscularly after surgery for pain
as required. Ampicillin (1 g), cefazolin (1 g), and genta-
micin (80 mg) were administered intravenously during
surgery and on a daily basis for 10 days after surgery.
The dogs were allowed to recover for =2 weeks before
experimentation.

Experimental Measurements
Vascular pressures were measured by attaching the
fluid-filled catheters to strain-gauge manometers (ISo-
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respectively. Systemic arterial and mixed venous [)H,w
carbon dioxide tension, and oxygen tension were meas
sured with an ABL-600 (Radiometer, (Iopenhugcn,é
Denmark). Oxyhemoglobin saturation was measured®
with a Hemoximeter OSM-3 (Radiometer).

Experimental Protocols

All experiments were performed with eachs
healthy, chronically instrumented dog lying on itsg
right side in a quiet laboratory environment. Con%
scious dogs were not sedated. Left pulmonary vascu-ﬁ‘
lar pressure -flow (LPQ) plots were used to 1sscssm
the effects of the various pharmacologic mtervcn-m
tions on the pulmonary circulation. LPQ plots werey
constructed by continuously measuring the pulmo-§
nary vascular pressure gradient (pulmonary arterial
pressure [PAP]-left atrial pressure [LAP]) and LQ
during gradual (=1 min) inflation of the hydraulic
occluder implanted around the right main pulmo-
nary artery. This technique to measure the LPQ rela-
tionship is highly reproducible and has little or no
effect on systemic hemodynamics, blood gases, or
the zonal condition of the lung.’

Protocol 1: Effect of Sevoflurane Anesthesia on
the Pulmonary Vascular Response to Lemakalim.
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We investigated the effect of sevoflurane anesthesia on
the pulmonary vascular response to cumulative doses of
the K" ,p channel agonist, lemakalim, after preconstric-
tion with the thromboxane analogue 9,11-dideoxy-
11,,9.-epoxymethano-prostaglandin F,, (U46619 [a gift
from Cayman Chemical, Ann Arbor, MI]). A baseline LPQ
plot was first obtained in each conscious dog (n = 6).
U46619 was then administered (0.15 =+ 0.02
pg kg '-min"" intravenously) to preconstrict the pul-
monary circulation before the administration of lema-
kalim. Plots of LPQ were obtained during preconstriction
with U46619 alone and then again with each dose of
lemakalim (0.1, 0.5, 1.0, and 5.0 pg-kg '-min ' intrave-
nously) during its cumulative administration (=15 min
at each dose) while the infusion of U46619 was contin-
ued. We previously have verified that pulmonary vaso-
constriction induced by U46619 is stable during the time
course of this protocol.” On a different day, this protocol
was repeated in the same six dogs during sevoflurane
anesthesia. Anesthesia with sevoflurane was induced by
mask and was supplemented with a subanesthetic dose
of thiopental sodium (3 mg/kg intravenously) to mini-
mize excitatory behavior. The trachea was intubated
(with 2 9 mm ID tube), and ventilation was controlled
with a respirator with zero end-expiratory pressure. Mus-
cle relaxants were not used in this study. Immediately
after intubation, sevoflurane was delivered via a vapor-
izer (Sevotec 3; Ohmeda, Austell, GA) with a fresh gas
flow of 100 ml-min '-kg '. Tidal volume was fixed at

15 ml/kg. Systemic arterial blood gas values were

matched to values measured in the conscious state by

adjusting the respiratory rate to 10-20 breaths/min and

by administering supplemental oxygen (fractional in-

spired oxygen tension = 0.26). End-tidal carbon dioxide

tension and concentration of sevoflurane were moni-

tored continuously at the adapter end of the endotra-

cheal tube (Solar 7000; Marquette Electronics, Milwau-

kee, WI). After induction, sevoflurane was allowed to

equilibrate for =1 h to achieve steady-state conditions.
At this time, end-tidal concentrations of sevoflurane were

3.3-3.8% (minimum alveolar concentration, 1.4-1.6).°

During sevoflurane anesthesia, the dose of U46619 (0.12

* 0.01 pg-kg '-min"' intravenously) was titrated to
achieve the same degree of preconstriction induced in

the conscious state. The titration procedure involved

administering incremental doses of U46619 and generat-

ing LPQ plots until a dose was found that caused the

same increase in PAP-LAP (at LQ = 75 ml-min '- kg™ ')
from baseline that was achieved in the conscious state.
This allowed assessment of the pulmonary vasodilator
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response to lemakalim at the same level of vasomotor
tone in the conscious
states.

Protocol 2: Effect of Desflurane Anesthesia on
the Pulmonary Vascular Response to Lemakalim.
We investigated the effect of desflurane anesthesia on
the pulmonary vascular response to cumulative doses
of lemakalim in the presence of preconstriction with
U46619. For each conscious dog (n = 7), LPQ plots
were obtained in the baseline condition., during precon-
striction with U46619 (0.16 + 0.02 ug-kg - min " in-
travenously), and during the cumulative administration
of lemakalim as described in protocol 1. On a different
day, this protocol was repeated in the same seven dogs
during desflurane anesthesia. Anesthesia with desflur-
ane was induced as described in protocol 1, and the
end-tidal concentration was maintained at 10.1-11.5%
(minimum alveolar concentration, 1.4-1.6).° Desflur-
ane was delivered via a vaporizer (Tec 6: Ohmeda.
Austell, GA). During desflurane anesthesia, the dose of
U46619 (0.11 = 0.01 pg-kg '*min ' intravenously)
was titrated to achieve the same degree of preconstric-
tion induced in the conscious state.

Protocol 3: Effect of Sympathetic «,-Adrenore-
ceptor Block on the Pulmonary Vascular Re-
sponse to Lemakalim in Desflurane-anesthetized
Dogs. We investigated the effect of sympathetic «,-
adrenoreceptor inhibition on the magnitude of lema-
kalim pulmonary vasodilation during desflurane-in-
duced anesthesia. This protocol tested the hypothesis
that systemic hypotension during administration of lem-
akalim in desflurane-anesthetized dogs would result in
reflex pulmonary vasoconstriction via sympathetic -
adrenoreceptor activation,'’ thereby attenuating the
magnitude of lemakalim-induced pulmonary vasodila-
tion. Sympathetic «,-adrenoreceptor block was
achieved with the intravenous administration of pra-
zosin (1 mg/kg). This dose abolishes the pressor re-
sponse to the bolus intravenous administration of phen-
ylephrine (5 ug/kg)."' The dose -response relationship
for lemakalim was obtained in six conscious and desfl-
urane-anesthetized dogs as described in protocol 2. On
a different day, this protocol was repeated in the same
dogs during desflurane anesthesia after pretreatment
with prazosin. Plots of LPQ were obtained at baseline,
after administration of prazosin, during preconstriction
with U46619, and during the cumulative intravenous

administration of lemakalim (0.1, 0.5, and 1.0
pg kg '-min~"). The highest dose of lemakalim (5.0
pg-kg '-min ') was not administrated during sympa-

and sevoflurane-anesthetized
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thetic a,-adrenoreceptor block because it resulted in
circulatory collapse. A second dose of prazosin (0.5
mg/kg) was administered before starting the lemakalim
infusion to ensure the efficacy of sympathetic «,-adre-
noreceptor block. The doses of U46619 in the desflur-
ane-anesthetized state (0.12 = 0.01 pg-kg '-min )
and after the administration of prazosin in the desflur-
ane-anesthetized state (0.11 + 0.01 pg-kg '-min )
were titrated to achieve the same degree of preconstric-
tion induced in the conscious intact state (0.14 = 0.01
ug-kg '-min ).

Protocol 4: Effect of Indomethacin on the Pul-
monary Vascular Response to Lemakalim in Con-
scious and Desflurane-anesthetized Dogs. We in-
vestigated the effect of cyclooxygenase inhibition with
indomethacin on the magnitude of lemakalim-induced
pulmonary vasodilation. Cyclooxygenase inhibition was
achieved via the intravenous administration of indo-
methacin (5 mg/kg). This dose inhibits prostaglandin
synthesis and abolishes the pulmonary pressor response
to arachidonic acid.'” The dose-response relationship
for lemakalim was first obtained in five intact conscious
dogs as described in protocol 1. On a different day,
LPQ plots were obtained in the same conscious dogs at
baseline, 45 min after administration of indomethacin,
during preconstriction with U46619, and during the
cumulative intravenous administration of lemakalim.
This protocol was repeated on separate days in the
same dogs during desflurane anesthesia with or without
pretreatment with indomethacin. Anesthesia with des-
flurane was induced and maintained as described in
protocol 2. The doses of U46619 after the administra-
tion of indomethacin in the conscious state (0.11 =
0.01 pg-kg ''min ') and in the desflurane-anesthe-
tized state (0.10 = 0.01 pg-kg '-min ') were titrated
to achieve the same degree of preconstriction induced
in the conscious state (0.13 + 0.01 pg-kg '-min ).

Drug Preparation

All solutions were prepared on the day of the experi-
ment. U46619 was diluted in 0.9% saline. Lemakalim
and prazosin HCl (Pfizer, Groton, CT) were dissolved
in 95% ethanol and then diluted in sterile water. Indo-
methacin (Sigma) was dissolved in sterile water with
114 g sodium carbonate.

Data Analysis

Phasic and mean vascular pressures and LQ were dis-
played continuously on an eight-channel strip-chart re-
corder (2800; Gould, Eastlake, OH). Mean pressures and
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LQ, measured at end-expiration, were obtained with
the use of passive electronic filters with a 2-s time con-
stant. All vascular pressures were referenced to atmo-
spheric pressure before and after each LPQ plot. The
analog pressure and LQ signals were digitally converted
and multiplexed (PCM-8; Medical Systems, Greenvale,
NY) and stored on videotape (videocassette recorder
AG-1260; Panasonic, Secaucus, NJ) for later playhaclgU
and analysis. 2

The LPQ relationship was linear by inspection ove
the empirically measured range of LQ. Therefore, lineag
regression analysis was used to calculate the slope :mcg
intercept for PAP-LAP (or PAP-0 if LAP was S(;%
mmHg) as a function of LQ in each individual experi%
ment. PAP - LAP intercept values were calculated at thg
midrange of empirically measured LQ in each protocolg
This approach minimized the variance in the PAP—LAI§
intercept and avoided the use of intercept values outd
side the range of our empirical measurements; 7.e., PAP%
LAP was not measured at LQ = 0 ml-min '-kg '. Th%
correlation coefficient for the LPQ relationship in eac@
protocol averaged =0.98. Multivariate analysis of varig
ance in the form of Hotelling’s T* was used to usscs§
the effects of sevoflurane, desflurane, indomethacin;
prazosin, U46619, and lemakalim on the regression p:
rameters obtained in each experiment within each sp
cific protocol.

The pulmonary vasodilator response to lemakalim (L@
=75 ml-min '-kg ') was expressed as the pcrcentag%
decrease in preconstriction with U46619, which wag
calculated with the following formula*”"*: g

01y Papeo]

2oL/

0000/ L%SZ&/S

(pAP i LAP)[ 16619 (PAP 0 LAPIcnml\.'lhm )
(PAP-LAP)y46610 — (PAP-LAP; . scline)

X 100
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Thus, a lemakalim-induced decrease in PAP-LAP of
100% represents a complete reversal of U46619 precm)f;
striction and a full return to the baseline LPQ relationg
ship. One-way analysis of variance followed by Stu®
dent’s 7 test for paired comparisons was used to assess
the pulmonary vascular effects of lemakalim within
each group. Two-way analysis of variance followed by
Student’s ¢ test for paired comparisons was used to
assess the effects of the volatile anesthetic agents on
the magnitude of lemakalim-induced pulmonary vasodi-
lation. Student’s 7 test for paired comparisons was also
used to assess changes in steady-state hemodynamics
and blood gases. All values are presented as means *+
SE.




-

s 5 2

oY

1027

VOLATILE ANESTHETICS AND K*,p PULMONARY VASODILATION
N MATCHED PRECONSTRICTION creased heart rate and LQ in both conditions. Baseline
W A—A CONSCIOUS (POST-U46619) blood gases were similar in conscious and sevoflurane-
| A—aA SEVOFLURANE (POST-U46619) anesthetized dogs (table 2). U46619 decreased mixed
ity venous pH and oxyhemoglobin saturation in both condi-
£ tions. Lemakalim increased mixed venous oxygen ten-
E 30 - sion and oxyhemoglobin saturation in both conditions.
% 20 Protocol 2: Effect of Desflurane Anesthesia on
B Lemakalim-induced Pulmonary Vasodilation
a’: Desflurane had no net effect on the baseline LPQ
10 1 relationship compared with the conscious state (fig. 4).
O—O CONSCIOUS (BASELINE)
; ®—@ SEVOFLURANE (BASELINE)
' T T 1 v T T g
0 40 80 120 160 200 20 CONSCIOUS
LEFT PULMONARY FLOW (ml-min-'-kg ") 40 |
Fig. 1. Composite left pulmonary vascular pressure—flow (LPQ) %
plots in six dogs at baseline and after preconstriction with = )
U46619 (*P < 0.01) in the conscious state and during sevoflurane = g
anesthesia. Compared with the conscious state, sevoflurane had -
no net effect on the baseline LPQ relationship. The dose of Ef il
U46619 was titrated to achieve the same degree of preconstric- o 2014
tion in the conscious and sevoflurane-anesthetized states. o i
E 10 - O—O BASELINE
J L—A  U46619
Results 0 : B—N LEMAKALIM (1.0)
| T T ! I ) I e
Protocol 1: Effect of Sevoflurane Anesthesia on 2 LEET iE)JLM ONi(;Y FL(;\fvo( ml~mi1n§‘c~) k _1)200
Lemakalim-induced Pulmonary Vasodilation 9
Sevoflurane had no net effect on the baseline LPQ
relationship compared with the conscious state (fig. 1).
Compared with the baseline condition, U46619 caused
pulmonary vasoconstriction (P < 0.05) in the conscious 50 SEVOFLURANE
and sevoflurane-anesthetized states (fig. 1). A lower (P 1
< 0.05) dose of U46619 was required during sevoflurane = 40
administration to match the same degree of preconstric- L -
tion achieved in the conscious state. After preconstric- g E0) <
tion with U46619, lemakalim (1.0 ug-kg '-min ") re- - |
sulted in pulmonary vasodilation in the conscious state i:j 20 W
and during sevoflurane anesthesia (fig. 2). The effect of a |
sevoflurane on the lemakalim dose -response relation- E
ship is summarized in figure 3. Lemakalim resulted in 10 H Oom BAS;";NE
pulmonary vasodilation (P < 0.05) in both conditions. 1 = Bé;;KAUM (1.0)
The magnitude of the pulmonary vasodilator response 0 T T T T T T ' I ]
to lemakalim was not significantly altered during sev- 0 40 80 120 160 200

oflurane anesthesia compared with the conscious state.

Steady-state hemodynamics and blood gases are sum-
marized in tables 1 and 2, respectively. Baseline SAP was
decreased and heart rate was increased during anesthesia
with sevoflurane compared with the conscious state.
U46619 increased PAP in the conscious and sevoflurane-
anesthetized states. Lemakalim decreased SAP and in-

Anesthesiology, V 88, No 4, Apr 1998

LEFT PULMONARY FLOW (ml-min-'-kg )

Fig. 2. Composite left pulmonary vascular pressure—flow (LPQ)
plots in six dogs at baseline, after preconstriction with U46619,
and during administration of lemakalim (1.0 pug-kg ' min  in-
travenously) in the conscious state (top) and during sevoflurane
anesthesia (bottom). In the conscious state and during anesthesia
with sevoflurane, this dose of lemakalim caused a rightward shift
in the LPQ relationship, indicating pulmonary vasodilation.
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LEMAKALIM DOSE-RESPONSE

20
=
@)
o 5 0+
< |
1
o
z -20-
<8
7=
T e
) o
) 1
8 -60-
(©)i<e
= 1
g -80
o | o—o conscious
®—® SEVOFLURANE b
-100 T T T T Tous
0 (04 0.5 1/40) 5.0

LEMAKALIM DOSE (pg-kg'-min-")

Fig. 3. Lemakalim dose—response relationship measured in six
dogs after preconstriction with U46619 in the conscious state
and during sevoflurane anesthesia. The vasodilator response
to lemakalim is expressed as the percent decrease in precon-
striction with U46619 (defined in methods). Lemakalim-in-
duced pulmonary vasodilation (*P < 0.05) was preserved dur-
ing sevoflurane anesthesia compared with the conscious state.

Compared with the baseline condition, U46619 caused
pulmonary vasoconstriction (P < 0.05) in the conscious
and desflurane-anesthetized states (fig. 4). A lower (P
< 0.05) dose of U46619 was required during desflurane
anesthesia to match the same degree of preconstriction
achieved in the conscious state. After preconstriction
with U46619, administration of lemakalim (1.0
pug-kg '-min ") resulted in pulmonary vasodilation in

the conscious state, but the magnitude of the vasodila-
tor response was attenuated (P < 0.05) during desflur-
ane anesthesia (fig. 5). The effect of desflurane on the
lemakalim dose -response relationship is summarized
in figure 6. Lemakalim resulted in dose-dependent pul-
monary vasodilation (P < 0.05) in both conditions;
however, the magnitude of the pulmonary vasodilator
response to lemakalim was attenuated (P < 0.05) dur-
ing anesthesia with desflurane compared with the con-
scious state.

Steady-state hemodynamics and blood gases are sum-
marized in tables 3 and 4, respectively. Baseline SAP
was decreased and LAP and heart rate were increased
during anesthesia with desflurane compared with the
conscious state. U46619 increased PAP in both condi-
tions. Lemakalim decreased SAP and LAP and increased
heart rate in both conditions. Lemakalim increased LQ
in the conscious state, whereas LQ was unchanged dur-
ing desflurane anesthesia. Baseline blood gases were
similar in conscious and desflurane-anesthetized dogs
(table 4). U46619 decreased systemic arterial and mixed
venous pH and oxyhemoglobin saturation in both con-
ditions. Lemakalim decreased mixed venous carbon di-
oxide tension and increased mixed venous oxygen ten-
sion and oxyhemoglobin saturation in both conditions.

Protocol 3: Effect of Sympathetic

a -adrenoreceptor Block on Lemakalim

Pulmonary Vasodilation

The sympathetic «,-adrenoreceptor antagonist, pra-
zosin, had no net effect on the baseline LPQ relationship

Table 1. Steady State Hemodynamics: Conscious versus Sevoflurane

Baseline U46619 Lem 1.0 Lem 5.0
SAP (mmHg) Conscious 97 £ 4 108 + 4 il =3 Sif=trd T
Sevoflurane 62 (e}e) 2= G (612) = Sy 42 =20
PAP (mmHg) Conscious 118 == 9l 261 ==& 2684 28|80
Sevoflurane 141 2080 231+ 117220
LAP (mmHg) Conscious 2 2 9 4 + 1 ==l 2 ez l5p
Sevoflurane Al 22 | 5 2= 9 ) s qlac (&) == 4
HR (beats/min) Conscious Q78==45 94 + 4 152 == 9i}i ST 2= e
Sevoflurane 1l2e) == (he 130 = 6% 4= 144 + 8%
LQ (ml-min " kg ") Conscious 66 + 6 6(0) 2= B 94 + 8% (le) 22 747
Sevoflurane Sill==t4 55812 86 + 61 59 + 8

SAP = mean systemic arterial pressure; PAP = mean pulmonary arterial pressure; LAP = mean left atrial pressure; HR = heart rate; LQ = mean left pulmonary

blood flow.

Values are mean + SEM. Lemkalim (Lem) data for doses of 1 and 5 ug-kg '-min .

*P < 0.05 U46619 versus baseline.
T P < 0.05 lemakalim versus U46619.
I P < 0.05 sevoflurane versus conscious.
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' Table 2. Steady State Blood Gases: Conscious versus Sevoflurane

©

Baseline U46619 Lem 1.0 Lem 5.0
Systemic arterial
pH Conscious 7.41 = 0.02 Técs i <z 0 o)y i 7.40 + 0.01t 7.39 = 0.01
Sevoflurane 7.39 = 0.02 7:8510102 7.34 = 0.02% 7.34 = 0.02
Pco, (mmHg) Conscious 41 + 2 41 + 2 38 + 1t 38 + 2t
Sevoflurane 41 + 1 45 + 2~ 43 + 2 41 =2
Po, (mmHg) Conscious 95+ 2 84 + 3* 88 + 2 86 + 3
Sevoflurane 93 + 2 84 +3 84 + 6 Tl = 2%
So. (%) Conscious 97 + 1 94 + 1* 95"+ 1 94 + 1
Sevoflurane O G5 = 9385 90 = 2F
Mixed venous
pH Conscious 7.38 = 0.01 7.38 = 0.01* 37 =L 010 -3 = 0.01f
Sevoflurane 736 == 0:02 1.325=0102* 7:3iF =10102F 1323 =007
Pco, (mmHg) Conscious 48 + 1 o1 + 2 45 + 1t 42 + 11
Sevoflurane 47 + 1 5523 54 + 4% 52 =831
Po, (mmHg) Conscious 42 + 1 40 + 2* 54 + 21 93 £ 2
Sevoflurane 42 + 2 40 + 4 46 = 2t 48 + 3¢t
So, (%) Conscious (&7 2= DR TAhes i T8 =2
Sevoflurane B2 BT 2z ) 6/ = 2L 64 + 5%

Pco, = carbon dioxide tension; P, = oxygen tension; So = oxyhemoglobin saturation.

Values are mean + SEM.
*P < 0.05 U46619 versus baseline.

1 P < 0.05 lemakalim versus U46619.
3 P < 0.05 sevoflurane versus conscious.
o MATCHED PRECONSTRICTION
| O&—/ CONSCIOUS (POST-U46619)
A—A DESFLURANE (POST-U46619)
40
()}
e 1
E 30 -
% il
-1 20 +
o ¥
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o
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LEFT PULMONARY FLOW (ml-min-'-kg )

Fig. 4. Composite left pulmonary vascular pressure—flow
(LPQ) plots in seven dogs at baseline and after preconstriction
with U46619 (*P < 0.01) in the conscious state and during
desflurane anesthesia. Compared with the conscious state, de-
sflurane had no net effect on the baseline LPQ relationship.
The dose of U46619 was titrated to achieve the same degree of

preconstriction in the conscious and desflurane-anesthetized
states.
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during desflurane anesthesia (results not shown). The
pulmonary vascular dose-response relationships for
lemakalim in the conscious state, during desflurane an-
esthesia and during anesthesia with desflurane after pre-
treatment with prazosin, are summarized in figure 7
After preconstriction with U46619, lemakalim resulted
in dose-dependent pulmonary vasodilation (P < 0.05)
in all three conditions; however, the attenuated (P <
0.05) pulmonary vasodilator response to lemakalim dur-
ing anesthesia with desflurane was largely reversed by
prazosin. Steady-state hemodynamics are summarized
in table S.

Protocol 4. Effect of Indomethacin on Lemakalim-

induced Pulmonary Vasodilation

In the conscious and desflurane-anesthetized states,
the cyclooxygenase inhibitor, indomethacin, had no net
effect on the baseline LPQ relationship (results not
shown). The pulmonary vascular dose-response rela-
tionships for lemakalim in the conscious and desflurane-
anesthetized states with or without pretreatment with
indomethacin are summarized in figure 8. After precon-
striction with U46619, lemakalim resulted in dose-de-
pendent pulmonary vasodilation (P < 0.05) in all four
conditions. Indomethacin did not alter the magnitude
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of the pulmonary vasodilator response to lemakalim
in the conscious state. The attenuated pulmonary vaso-
dilator response to lemakalim during desflurane anes-
thesia was still apparent after pretreatment with indo-
methacin. Steady-state hemodynamics are summarized
in table 6.

Discussion

This study demonstrated that (1) sevoflurane and des-
flurane anesthesia had no net effect on the baseline LPQ

50 CONSCIOUS
=40
I= J
&
§, 30
a i
S
oL, Jd
<C
o 104 O—O BASELINE
il N—/ U46619
B—N LEMAKALIM (1.0)
O T ] T | T ] T | T l
0 40 80 120 160 200
LEFT PULMONARY FLOW (ml-min-'-kg -")
50+ DESFLURANE
= 405
JEZ 3
£ 30+
o "F
5 204
o
<
)= O—O BASELINE
] N—/\ U46619
B—H LEMAKALIM (1.0)
O T | T | T ] T I T l
0 40 80 120 160 200

LEFT PULMONARY FLOW (ml-min-'-kg )

Fig. 5. Composite left pulmonary vascular pressure—flow
(LPQ) plots in seven dogs at baseline, after preconstriction
with U46619, and during administration of lemakalim (1.0
pg- kg '-min ' intravenously) in the conscious state (top) and
during desflurane anesthesia (bottom). This dose of lemakalim
caused pulmonary vasodilation, but the magnitude of the vaso-
dilator response was attenuated (1P < 0.05) during desflurane
anesthesia.
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LEMAKALIM DOSE-RESPONSE

Jo CHANGE IN PAP-LAP
FROM U46619 PRECONSTRICTION

| o—o conscious

%
@ —©® DESFLURANE .
-100 : . w

0 0.1 0.5 1.0 5.0
LEMAKALIM DOSE (pg-kg-'-min-")

Fig. 6. Lemakalim dose—response relationship measured in
seven dogs after preconstriction with U46619 in the conscious
state and during desflurane anesthesia. The vasodilator re-
sponse to lemakalim is expressed as the percent decrease in
preconstriction with U46619 (defined in methods). Lema-
kalim-induced pulmonary vasodilation (*P < 0.05) was attenu-

ated (P < 0.05) during desflurane anesthesia compared with
the conscious state.

relationship; (2) the pulmonary vasodilator response to
the K" ,;p channel agonist, lemakalim, was not altered
during sevoflurane anesthesia but was attenuated dur-
ing desflurane anesthesia compared with the conscious
state; (3) the attenuated pulmonary vasodilator re-
sponse to lemakalim during desflurane anesthesia was
largely reversed after sympathetic a-adrenoreceptor in-
hibition; and (4) cyclooxygenase inhibition did not
modulate the pulmonary vasodilator response to lema-
kalim in the conscious or desflurane-anesthetized states.

We used chronically instrumented dogs so that the
pulmonary vascular effects of K ,;» channel activation
could be assessed in the same dog in the conscious and
anesthetized states. This experimental model avoids the
use of background anesthetic agents and acute surgical
trauma, which can modify neural,"""® humoral,*'* and
local™"”> mechanisms of pulmonary vascular regulation.
Moreover, the use of pressure-flow plots avoids the
limitations inherent in the interpretation of single-point
calculations of pulmonary vascular resistance.'® We
used lemakalim as a pharmacologic tool to activate
K" yrp-mediated pulmonary vasodilation.” This is based
on previous observations that lemakalim is a potent and
selective activator of K',;» channels in the pulmonary
vasculature. >

Sevoflurane and desflurane have been reported to
cause systemic vasodilation.'”'® In contrast, neither an-

—+T
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Table 3. Steady State Hemodynamics: Conscious versus Desflurane

Baseline U46619 Lem 1.0 Lem 5.0
SAP (mmHg) Conscious 98 + 4 106 = 4 89 + 3t 56 = 3F
Desflurane 12:= 64 88 + 4% 66 = 411 49 + 2t
PAP (mmHg) Conscious 16 + 1 268 265510 2=
Desflurane ]i88==01 268 Rl 26 + 1 22 1
LAP (mmHg) Conscious 20 =5 4 1 == 2=l
Desflurane 7/ as i (e)iat qfathe (5 == )15z el
HR (beats/min) Conscious 055516 93 = 5 149 + 9t 157 = 141
Desflurane 135 *+ 63 137 == 6% 148 + 5t 1564 + 5¢
LQ (ml-min~"-kg™") Conscious 67 + 6 61 =5 97 + 8t 89 + 7t
Desflurane 64 + 5 S =4 75 =48 (55 =29

Values are mean + SEM.

“P < 0.05 U46619 versus baseline.

T P < 0.05 lemakalim versus U46619.

} P < 0.05 desflurane versus conscious.

esthetic agent had a net effect on the baseline R
relationship compared with the conscious state. Be-
cause the normal pulmonary circulation has very little
vasomotor tone, an anesthesia-induced vasodilator in-
fluence on the LPQ relationship during baseline condi-
tions would not be expected. In contrast, volatile anes-
thetic agents are known to inhibit endothelium-depen-

Table 4. Steady State Blood Gases: Conscious versus Desflurane

dent vasodilation,”"” which could result in a net
pulmonary vasoconstrictor influence. We have re-
ported, however, that neither nitric oxide synthase inhi-
bition nor cyclooxygenase inhibition have a net effect
on the baseline LPQ relationship in conscious dogs.”'?
Therefore, it was not surprising that sevoflurane and
desflurane had no effect on the baseline LPQ relation-

Baseline

U46619 Lem 1.0 Lem 5.0
Systemic arterial
pH Conscious 7.41 = 0.02 7.38' £10:01* 7.40 = 0.01t 7.39 = 0.01
Desflurane 7.40 = 0.01 7.36 £ 0.01* 7 865==1 0101 7-35 =102
Pco, (mmHg) Conscious 41 £ 1 40 + 1 381 i 37 =12
Desflurane 40 = 1 44 + 2* 43 + 2% 42 + 2
Po, (mmHg) Conscious 961+ 2 84 + 4* (o) 2= & 84 +3
Desflurane 988141 86 + 6 84 +3 il
So, (%) Conscious 97 =il 94 + 1* ¢[5) == 1lq; 94 + 1
Desflurane o7 =51 94 + 1* 9382 90 = 2
Mixed venous
pH Conscious 118 7== 01011 3381010 ST =005 L3 ==2010ih
Desflurane 3 re==001 12328 ==10.0il* 7.34 = 0.011F 7.32 = 0.01%
Pco, (mmHg) Conscious 48 + 1 5(0) &= ) 44 = 1t 202 Al
Desflurane A5 =N SilE=2 48 + 21 47 + 21
Po, (mmHg) Conscious 43 + 1 8908 50 = 4t 51 = 3f
Desflurane 42 + 1 42 + 2 il 2 48 + 3t
So, (%) Conscious 67 %1 B 76 + 4t =21
Desflurane 69 + 1 (572 =5 2 74 5=2F 69 == 3tk

Values are mean + SEM.

*P < 0.05 U46619 versus baseline.

t P < 0.05 lemakalim versus U46619.

¥ P < 0.05 desflurane versus conscious.

Anesthesiology, V 88, No 4, Apr 1998
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LEMAKALIM DOSE-RESPONSE

-40
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% CHANGE IN PAP-LAP
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Fig. 7. Lemakalim dose—response relationship measured in six
dogs after preconstriction with U46619 in the conscious state
and during desflurane anesthesia. Vasodilator response to
lemakalim is expressed as the percent decrease in preconstric-
tion with U46619 (defined in methods). The attenuated (1P <
0.05) lemakalim-induced pulmonary vasodilation (P < 0.05)
during desflurane anesthesia was largely reversed after pre-
treatment with prazosin.

ship in the current study. We should note, however,
that sevoflurane and desflurane reduced the concentra-
tion of U46619 required to achieve the same degree of
preconstriction observed in the conscious state. This

Table 5. Steady State Hemodynamics: Effect of Prazosin

could be due to an inhibitory effect of both anesthetic
agents on the endothelial production of nitric oxide. In
contrast to baseline conditions, preconstriction with
U46619 stimulates the endogenous production of nitric
oxide, as manifested by a leftward shift in the pulmo-
nary vascular dose-response relationship for U46619
after nitric oxide synthase inhibition.”

Recently, interactions between volatile anesthetic
agents and K" ,p channels in various tissues have been
described.”’ *> Several studies have demonstrated that
activation of K", channels plays an important role
in coronary vasodilation induced by volatile anesthetic
agents.”’"** In contrast, we have demonstrated pre-
viously that halothane and enflurane attenuate lema-
kalim-induced pulmonary vasodilation in chronically in-
strumented dogs." In 7n vitro studies, we also observed
that halothane and isoflurane attenuated the endothe-
lium-dependent pulmonary vasorelaxant responses to
K" yp channel activation.”**” In the current study, des-
flurane, but not sevoflurane, attenuated lemakalim-in-
duced pulmonary vasodilation. To our knowledge, this
is the first study to investigate the effects of sevoflurane
and desflurane anesthesia on K' ., channel activity.
Only one study has reported that desflurane inhibits a
potassium channel current in human neuronal cells at
clinically relevant concentrations.®

The possible mechanisms by which desflurane attenu-
ated K’y channel-mediated pulmonary vasodilation

Baseline U46619 Lem 1.0
SAP (mmHg) Conscious 981 ==25 108 =14 89 + 2t
Desflurane (2 2= e €} == (ke 69 = 71t
Des + Praz (Sn) =& dlag 8L 403 T
PAP (mmHg) Conscious 5F=D) 24 + 2* 20502,
Desflurane IS 2= 9l 261811 25881
Des + Praz s} 2z 9l 21 22 95 24 + 1
LAP (mmHg) Conscious 2 e SEN] ==l
Desflurane © = 1 S8 5y 22! qlaz
Des + Praz 4 +1 5= 3=l
HR (beats/min) Conscious 97 + 6 98i==5 11(0) 2= /07
Desflurane il B ==1k1 140 + 6% 1510) =2 Gy
Des + Praz 1425484 45851 191} 2= (5]
LQ (ml-min~"-kg ") Conscious 65518 5613 89 =+ 8%
Desflurane 64 = 6 56114 18 =
Des + Praz 59544 BT T/ 2= ShF

SEM.

*P < 0.05 U46619 versus baseline.

T P < 0.05 lemakalim versus U46619.

1P < 0.05 desflurane (Des) or Des + prazosin (Praz) versus conscious.

Values are mean =+

Anesthesiology, V 88, No 4, Apr 1998
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LEMAKALIM DOSE-RESPONSE

z 20+ CONSCIOUS
©) ]
ST ERGE
< (T
52 oo ]
o
B 40~
@ 4
Z o
PR
B
"2 809 o—o wmacr
= @ —® INDOMETHACIN
-100 1 T T T T
0 0.1 015 1.0 5.0
LEMAKALIM DOSE (ug-kg!'-min-')
> 20+ DESFLURANE
o |
oS 0+
< C
B
S |
ZLJ.J
e
$g -60-
w0
= 80+ 0—0 mTacT
@ 1 @—® INDOMETHACIN
t '100 T T

I I I

0 0.1 0.5 110 5.0

LEMAKALIM DOSE (ug-kg!'-min-1)
Fig. 8. Lemakalim dose—response relationship measured in
five dogs after preconstriction with U46619 with or without
pretreatment with indomethacin in the conscious state (top)
and during desflurane anesthesia (bottom). Vasodilator re-
sponse to lemakalim is expressed as the percent decrease in
preconstriction with U46619 (defined in Methods). Indometh-
acin did not alter the magnitude of the pulmonary vasodilator

response to lemakalim in the conscious or desflurane-anesthe-
tized states.

could involve (1) activation of reflex vasoconstrictor
mechanisms, (2) inhibition of endothelium-dependent
vasodilator mechanisms, or (3) a direct effect of desfl-
urane on vascular smooth muscle K* . channels. Ad-
ministration of lemakalim resulted in systemic hypoten-
sion in the conscious state, and this effect was even
more pronounced during anesthesia with desflurane.
Systemic hypotension causes reflex pulmonary vaso-
constriction mediated by sympathetic ay-adrenorecep-
tor activation in conscious dogs.'” We have reported

Anesthesiology, V 88, No 4, Apr 1998

previously that combined neurohumoral block had no
effect on the magnitude of lemakalim-induced pulmo-
nary vasodilation in the conscious or halothane-anesthe-
tized state.” In this study, however, sympathetic a;-adre-
noreceptor inhibition with prazosin reversed the atten-
uation of lemakalim-induced pulmonary vasodilation
during desflurane anesthesia. These results suggest that
reflex pulmonary vasoconstriction mediated by sympa-
thetic aj-adrenoreceptors acted to offset the pulmonary
vasodilator response to lemakalim during desflurane an-
esthesia. This is consistent with our previous observa-
tion that phenylephrine-induced pulmonary vasocon-
striction is potentiated during anesthesia with desflur-
ane compared with the conscious state.?” Thus, the
inhibitory effect of desflurane on K* vrp Channel-medi-
ated pulmonary vasodilation appears to be at least partly
a secondary effect caused by activation of sympathetic
ay-adrenoreceptors.

Recent evidence indicates that K, channels are
expressed in both vascular smooth muscle and endo-
thelial cells.*” ** Activation of endothelial K, chan-
nels increases Ca®’ influx, which stimulates the pro-
duction of endothelium-derived relaxant factors. In
in vitro studies, we recently demonstrated that the
pulmonary vasorelaxant response to lemakalim in-
volves both an endothelium-dependent and vascular
smooth muscle component.”® The endothelium-de-
pendent component of lemakalim-induced pulmo-
nary vasorelaxation was mediated by cyclooxygenase
metabolites and not by nitric oxide.*® Moreover, halo-
thane attenuated lemakalim-induced pulmonary va-
sorelaxation via an inhibitory effect on the endothe-
lium-dependent, cyclooxygenase-mediated compo-
nent of the response.”® In the current in vivo study,
we tested the hypothesis that desflurane inhibited
lemakalim-induced pulmonary vasodilation via a simi-
lar mechanism. The attenuated response to lemakalim
during desflurane anesthesia, however, was still ap-
parent after cyclooxygenase inhibition, which sug-
gests that this mechanism is not involved.

The possibility that desflurane directly interferes
with K",y channels cannot be discounted. It has
been suggested that inhalational anesthetic agents
bind specifically to ion channels and alter their func-
tion directly.”**" Inhalational anesthetic agents may
alter membrane fluidity and lateral membrane pres-
sure, which could inhibit the opening or accelerate
the closing of ion channels. Additional studies are
required to identify the molecular mechanisms by
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Table 6. Steady State Hemodynamics: Effect of Indomethacin

Baseline U46619 Lem 1.0 Lem 5.0
SAP (mmHg) Conscious 95 + 4 102 = 4 84 + 3¢t 55F 131
Desflurane T(%) =t Snc 87 = 6% (38 2= 74pae 49 + 3t
Con + Indo 90 = 5 99 + 4 82 + 5% 55 =4
Des + Indo 72 <t qlas 85 = 3f 73438 54 + 3F
PAP (mmHg) Conscious 19 2= 1 258428 268552 1) 2= 2
Desflurane 1lts) == 1l 27 as |+ 26 + 1 2841
Con + Indo 116 8==01 2681 2 = 2 20) == 9]
Des + Indo 1/e 2= 4l 26 =018 2 2= 2 22 &2
LAP (mmHg) Conscious 2 321 A= 1 == 90 2 =1k
Desflurane 7( 2= flag ©) == {l7ar (8 2= lqpas (8 2z e
Con + Indo S| 9 2= 1 1l 2= 997 2 2=l
Des + Indo ozE qlas ©) =k fj|ne (&2 lypae (& 2= lgpa:
HR (beats/min) Conscious 028583 = 5 154 = 11t 158 = 14¢t
Desflurane 1183} 2= ql0ke el == 7a: 147 + 671 156 + 9%
Con + Indo 95 + 4 90 = 5 149 = 7t 154 £ 4
Des + Indo 11&38) 25 Che 1/8) 2= (Ghe 1150) 2= Ay 157 25 Oy
LQ (ml-min'-kg ") Conscious 68 = 3 60 %= 2 90 = 61 1) == il
Desflurane &1 == 5 56815 B2 69 = 4
Con + Indo 63 + 4 ) == 5 86 + 4t 80 + 47
Des + Indo 55 = 7 51 + 4 79 * 4% 60 + 4

Values are mean + SEM.

*P < 0.05 U46619 versus baseline.

T P < 0.05 lemakalim versus U46619.
H/P

§ P < 0.05 Des + indomethacin (Indo) versus conscious (Con) + Indo.

0.05 desflurane versus conscious.

which inhalational anesthetic agents directly alter
K" ,r» channel activity.

In contrast to desflurane, sevoflurane had no effect
on lemakalim-induced pulmonary vasodilation. These
differential results may partially reflect the different ef-
fects of sevoflurane and desflurane on sympathetic «;-
adrenoreceptors. We previously reported that, in con-
trast to desflurane, sevoflurane had no effect on phenyl-
ephrine-induced pulmonary vasoconstriction compared
with the response measured in the conscious state.”
Therefore, although the same degree of systemic hypo-
tension was observed during anesthesia with sevoflur-
ane and desflurane, reflex pulmonary vasoconstriction
via sympathetic a;-adrenoreceptor activation did not
inhibit lemakalim-induced pulmonary vasodilation dur-
ing sevoflurane anesthesia.

In summary, K" . channel-mediated pulmonary vaso-
dilation is preserved during sevoflurane anesthesia but
is attenuated during desflurane anesthesia. This effect
of desflurane does not involve the cyclooxygenase path-
way but is largely mediated by reflex sympathetic «;-
adrenoreceptor vasoconstriction. These results indicate
that volatile anesthetic agents can have differential ef-

Anesthesiology, V 88, No 4, Apr 1998

fects on the pulmonary vasodilator response to K" p
channel activation.

The authors thank Steve Schomisch, Pantelis Konstantinopoulos,
and Mike Trentanelli for technical work, and Ronnie Sanders for
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